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Abstract 
Energy sector industries included oil refinery industry was considered as big part to contribute enlarge gas 
emission.  Nowadays CCS technology becoming effective method to reduce gas emission. During CO2 
capture process H2 were included in oil refinery processing. In this study mixing gas of CO2 and H2 was 
use to observe the gas migration during CO2 leakage based on natural analogue approach. We have 
constructed a test field with 5 test wells to investigate an optimal monitoring system against CO2 leakage 
to carry the tracer gas injection into the wells.  
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1. Introduction 
Oil refineries are responsible of 6% of CO2 emission after power station and cement industries. CO2 
captured at oil refinery station has around 1% of H2 gas which might be included during the gas capture 
processes. Geological storage has been planed as realistic and effective methods for reducing gas emission 
with storing captured CO2 from the source into the geological formation. Although the geological storage 
so far has been proven to be effective and safety method for sequestration of CO2 gas, it still remains the 
potential leakage and should be earlier anticipated. Leakage pathway is often associated with cracks due 
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to geological structures such as fracture zone or fault line, or through uncompleted cementing zones 
around drilling wellbores. There are three main considerations related to the potential problem due to CO2 
geological storage, especially in fracture rock reservoir. They are the thermo-mechanical effects, transport 
system of CO2 by movement of groundwater through the fractures, and influence of CO2 by means both of 
rock and groundwater chemistry. Accumulation of high concentration of CO2 in the subsurface could 
disturb the geochemical equilibrium in the water. Several studies suggested that the potential of heavy 
metals mobilization and dissolution of minerals were increase as CO2 leakage and mobilization [1,2]. 
Understanding migration of gas at subsurface are important aspect of assessing for safety CO2 disposal 
site. Presently no well-established methodology to characterize the mixing gas diffusion and dispersion in 
unsaturated and saturated water zone simultaneously, especially in fracture rock environment. In order to 
study and characterize mixing gas phase migration in this environment, field measurements on the mixing 
gas of H2 and CO2 diffusion were conducted in the granodiorite of ITO natural analogue site (INAS), Ito 
Campus, Kyushu University.   
2. Methods 
2.1. Field experimental design 
Field test was constructed by drilling of 2 well test points for CO2 releasing point. The distance both of 
well tests is 24 meter in NW-SE direction. The first borehole was drilled into 113 meter in depth. The 
diameter size of borehole is ø 149.2 mm and 100 mm (HQ size) in range 0 – 70 meters, and NQ (ø 76 mm) 
size for 70 – 113 m in depth. In order to prevent CO2 leakage alongside well test, the inner casing was 
installed until 70 m in depth. The second borehole, has HQ size (ø 149.2 mm) in diameter of well test 
from 0 – 30 m, and NQ size over than 30 m in depth. Unfortunately, second borehole was collapsed on 
38.3 meter. Immediately after drilling completion, second borehole has collapsed on 38.3 m in depth 
might be due to fractured zone. Sub vertical fracture which has high angle was common as long as 
borehole. Then, 43 m guard casing was installed to support borehole stability. Three boreholes also were 
constructed to inject mixing gas at 20 meter in depth. 
2.2. Baseline survey 
The baseline data consisted of rock and groundwater characteristic were obtained from underground, 
and CO2 soil gas background from the near surface. The underground fluids sampler developed by 
Mitsubishi Materials Techno Corporation was employed for acquiring ground water sample in the 
wellbores. Water samples were taken in the wellbores at depth 36 and 94 m with the sampler. Achieving a 
representative water sample from 90 m depth never becomes simple operation. The conventional fluid 
sampling has been accomplished either by means of pumping or under lowering a sampling device into 
the wellbore. Nevertheless, this technique leaves a possibility the change of water chemistry together 
along with the change of pressure and temperature [3]. Soil gases were sampled using a hand pump of 
XP-3140 gas monitor and flowing into sensitive equipment of low concentration gas monitor type FUSO- 
77535. The equipment of Cosmo instrument XP-3140 only detected high concentration of CO2 (Max 10% 
and resolution 0.1%) and Fuso model 77535 detected in range less than 2000 ppm. 
The rectangular grid pattern was set up in the area around borehole, the gas injection point. On grid 
point, PVC tubes 2.5 cm in diameter and 40 cm in height were installed into 15 - 20 cm deep of soil 
surface and it was expected to accumulate soil gas over there. To prevent CO2 background come into 
grind point sample, upper part of PVC tube was sealed by rubber cap. The area was divided into a field 
grid (interval 2.5 m) in 10 x 10 meters square in the area around first borehole, and 15 x 15 meters near 
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second bore hole. In addition, some point was installed to connect grid pattern between both of borehole 
to detect soil gas in case the injected gas did not follow the predicted pathway. An amount of 67 
monitoring point were installed in the beginning experiment, while more detailed survey was performed 
by increasing the monitoring point until 96 points.  
2.3. Gas injection and monitoring system  
The gas principally injected into the borehole either by passing directly through the well head or by using 
a single packer. There are two cylinders were connected into the manifold and valve for controlling the 
flow rate and pressure of gas which was injected into the borehole precisely. Gas flow was particularly 
monitored by digital mass flow meter although analogue ball flow meter was prepared as backup. Gas 
injection equipment also connected with Druck DPI 104 pressure transmitter to monitor gas pressure. The 
pressure reading from Druck DPI and gauges of manifold regulator showed that there is no significant 
different across monitoring equipment. Prior CO2 injection, the installed equipment was tested by 
pressurizing the borehole for verifying absence of leak in the injection test equipment, casing cap, and 
casing borehole. The absence of leak can be verified by acquiring zero gas flow and no bubble gas 
additions found at the water surface during packer utilization.   
 
3. Geology and site description 
3.1. Geology of ITO Campus 
Field test facility was constructed at ITO Campus Kyushu University, at the ITO Natural analogue site 
(INAS), approximately 20 km west of central Fukuoka, Japan. The area previously was part of the 
Itoshima hills that were cut for built new campus facility. The site arose grassland in spring and remained 
bare soil in summertime. Soil layer thickness was approximate from centimeters to 3 meters. The geology 
of Itoshima was consisted of Paleozoic Metamorphic rocks, Cretaceous Plutonic rocks, Pleistocene 
terrace deposits, and Holocene alluvial deposits [4]. The rock was underlying on INAS location that was 
belongs to Itoshima granodiorite Formation, part of Plutonic rock.   
The formation was described white and dark colour, holocrystalline, phanerocrystalline, equigranular, 
and medium – coarse grained (1 – 4 mm).  Some part of weathered and fractured rock shows foliated 
structure-like.  Some part of rock body also was intruded by quartz vein and feldspar – quartz vein, or 
applite, which was characterized by white colour and fine granular grain and has 2 to 2.7 cm of thickness. 
Fresh granodiorite and applite were mostly impermeable and high hardness. However alteration processes 
and fracture development might decrease hardness level and rise of rock permeability. Specific gravity 
was known in range 2.89 – 2.92. 
The fracture feature was identified at depth of 79.3 meter, part of 81.4 to 88.1 meter, and more 
intensely fractured at depth of 89 – 95 meter.  This rock depth was belong to class of intensely fracture. 
Another class that were consist of moderately fractured and intact rock also existing. Field 
characterization has shown that formation consisted of soil layer (0 – 3 m), high weathered rocks (3 – 
17.70 m), weathered rock (17.70 – 48.60 m), and slightly weathered to fresh rock for over than 49 m.  It 
also has explained that granodiorite rock in the field test area commonly belong to relatively un-fractured 
rocks (moderate fracture) with low number value of spacing discontinuity. The exception was given on 
the rock layer depth of 89 m, which has high fractured and high spacing discontinuity, around 20 
spacing/meter. It confirmed that rock in that depth has very weak layer and reflected on rock quality 
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designation (RQD) value of 25%. The fracture dip direction was dominantly has SE orientation, and angle 
inclination of fracture to horizontal line commonly has 60 - 80°.   
3.2. Hydrogeology  
The interconnectivity of fracture should control hydraulic characteristic and groundwater movement in 
the field test area. The groundwater level observation show there is 5 meter difference between borehole I 
and M in 24 meter distance only. It has given about 0.21 of hydraulic gradient. The current meter 
equipment was utilized to measure velocity and direction of groundwater flow in both of borehole. NNE 
direction and 0.67 cm/s of groundwater velocity measured on Borehole “I”, however borehole “M” has 
average velocity 1.06 cm/s and EES direction. The difference water level and velocity direction might be 
due to lack of interconnected fracture between 2 boreholes. Water level and current meter data calculated 
that the hydraulic conductivity (K) or coefficient permeability at the INAS site about 2.8 x 10-2 m/s or 
equivalent with permeability, k about 2.8 x 103 Darcy (approximately). This data indicated the presence 
of high permeability due to high intensity fracture.  
The origin of groundwater has been predicted was supplied from precipitation and local flow system. 
The analysis of ratio isotope 18O/16O and 2H/1H (GD ‰) showed that groundwater was close to the global 
meteoric water line. It means the groundwater was associated with rain water. Analysis of chemical 
properties has grouped groundwater type into non-dominant bicarbonate. The physical properties showed 
specific conductivity (E.C) value less than 30S and pH was on range of 9.1 – 10. The high alkalinity of 
groundwater and PH probably due to weathering reaction processes which altered primary mineral into 
secondary clay mineral. The reaction bound ion H+ and consume it rapidly [5].  
 
4. Result and discussion 
The background gas concentration consisted of CO2 and H2 concentration in the soil gas and in the free 
air atmosphere. The observation from the site revealed that CO2 concentration level was present in 
atmospheric background at level range from 340 to 400 ppm. There was no H2 gas detected in the free air 
condition. Meanwhile, baseline of CO2 soil gas concentration has widely range from four hundreds into 
thousands ppm. Figure 1 is a distribution map of soil gas concentration. The density contour indicated 
high concentration of CO2 soil gas. This contour was then suggesting as CO2 anomalies benchmark for 
soil gas measurement after injection test started. 
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Fig. 1. The background of CO2 concentration level in soil gas sample taken 1 day prior injection test began. The blue cross is CO2 
soil gas point. 
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The fluctuation of CO2 concentration obviously was influenced by temperature, as showed in Figure 2. 
The difference of temperature was also depending on seasonal change, daily sunny intensity, and 
morning-afternoon time.  At summer and early autumn, soil gas concentration was measured at average 
400 ppm level or above slightly. Furthermore it was drop down around 370 – 390 ppm on autumn, and 
reach the lowest level in the winter for 350 ppm. The rising and descend of temperature were commonly 
parallel with its humidity level.  
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Fig. 2. Influence of seasonal change and temperature related to background CO2 concentration level (at atmospheric ambient) 
On August 30, it was about 40 kg of the CO2 was injected during 50 minutes directly into the 
wellbore “M” at the INAS test field. The experiments performed at 13.00 – 15.00 JST in sunny weather 
with ambient temperature 33°C and humidity 35 – 39 %. CO2 soil gas measurement was carried out 
during and after injection test. The result showed that there was no significance increment of CO2 
concentration in the point observation area during injection.  The CO2 gas may need time to disperse into 
the surface. After 1 day from injection, it was about 3.3% of CO2 measured in some grid point in south 
direction near injection point. After 3.5 month later from injection test carried out, the relatively high 
amount concentration of CO2 was remaining found even only detected at injection point (Figure 3). It was 
suggested that CO2 was remained and saturated in the borehole pathway for long time. Therefore mixing 
gas of H2 and CO2 was utilized in the next experiment. 
The mixing gas was injected through well-head in to the borehole of 20 m in depth. Pattern and 
distribution of mixing gas concentration at the near surface were monitored continuously by soil gas 
survey at 95 tubes of 40 cm in length. Immediately after mixing gas injection, there was no CO2 detected 
in all of the monitoring point while H2 was detected in some point. It was suggested that H2 gas can be 
utilized as a tracer prior to CO2 during gas migration into the surface in case of leakage.  
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Fig. 3. The distribution of CO2 concentration level in soil gas sample taken 1 day after injection on autumn season (upper side) and 
3.5 month later on the winter season (bottom) 
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